Perspectives
============

The measurement of blood pressure (BP) is a mainstay for the diagnosis and follow-up of hypertension, which is a major risk factor for several adverse events, mainly cardiovascular. Lowering BP reduces the risk, but excessive lowering can result in deleterious side effects, such as hypoperfusion to vital organs, since BP is the driving force for blood flow. Accurate BP measurement is therefore essential for proper control of lowering BP. In the following perspective, we examine the accuracy of available techniques for non-invasive BP measurements and also assess the degree of accuracy required in BP measurement, in order to balance the benefit of BP reduction in hypertension against the risks of hypotension, when intensive treatment is implemented. We then present a novel application of a known technique for systolic BP (SBP) measurement, based on a pressure cuff wrapped around the arm and a photoplethysmographic probe on the finger distal to the cuff. In previous preliminary studies, it was found that the photoplethysmography (PPG)-based technique was significantly more accurate than the oscillometric technique and its accuracy was comparable to that of auscultatory Korotkoff sounds-based sphygmomanometry.

Non-invasive BP measurement
---------------------------

Each of the two common non-invasive techniques for BP measurement, the auscultatory sphygmomanometry and automatic oscillometry, has its own limitation with respect to accuracy. The auscultatory technique is considered as more accurate than the automatic oscillometric technique and is regarded as the gold reference for validation of automatic BP measurement devices, mainly based on oscillometry. However, the auscultatory technique cannot be performed automatically and is only suitable for the physician's office, where examinations may give falsely high readings due to white coat hypertension. Furthermore, office measurement only reflects SBP and diastolic BP (DBP) at a single time point, while both values change with time, an effect known as BP variability. The measurement at a single time point cannot reliably represent the actual variable BP, and also cannot provide an assessment of the BP variability, an important clinical parameter by itself.[@b1-mder-10-157],[@b2-mder-10-157]

Automatic BP measurement by oscillometry overcomes the two limitations of manual-auscultatory sphygmomanometry. In the oscillometric technique, air pressure pulses in the cuff during cuff deflation are analyzed and the mean BP, SBP and DBP are derived from the oscillometric waveform envelope of the cuff air pressure pulses, by means of various empirically derived algorithms.[@b3-mder-10-157],[@b4-mder-10-157] Oscillometric BP measurements can be done automatically at home, free of white coat effect, and since several measurements can be performed throughout the day, a more representative picture of BP than a single office BP measurement is obtained. Home BP seems to be more strongly associated with end-organ damage than office BP, and some studies (though not all) have suggested that home BP is a stronger predictor of future adverse cardiovascular events than office BP.[@b5-mder-10-157]--[@b8-mder-10-157]

The disadvantage of oscillometry is that BP measurement by means of the technique is prone to significant errors. The indirect determination of SBP and DBP from the oscillometric waveform envelope depends on several physiologic parameters, such as pulse pressure, arterial compliance curve, soft tissue biomechanical properties, and heart rate. Alterations in these parameters change the oscillometric curve and, thereby, can result in significant errors in SBP and DBP readings.[@b4-mder-10-157],[@b8-mder-10-157]--[@b14-mder-10-157] The multiplicity of algorithms for the evaluation of SBP and DBP from the air pressure oscillations[@b4-mder-10-157] also reflects and contributes to the uncertainty in the technique.

The low accuracy of oscillometric devices can also be inferred from the standards imposed by the British Hypertension Society (BHS)[@b15-mder-10-157] and the European Society of Hypertension (ESH).[@b16-mder-10-157] The protocols of both organizations are based on comparing the automated BP meter to the manual auscultatory technique. An automated BP measuring device can fulfill the BHS and ESH protocols, even if its readings deviate from those of the auscultatory technique by 10 mmHg in 18% of the examinations (and also by 15 mmHg in 5% of the examinations). Moreover, the auscultatory technique has its own deviation relative to the true gold standard, invasive measurement, so that the actual error in BP measurement by oscillometry is likely to be even greater than that permitted by the BHS and ESH.

In the following section, we propose that a potential error of 10 mmHg in a significant number of examinations may adversely affect individual hypertensive patients undergoing treatment, mainly by leading to unintentional excessive lowering of BP.

Accurate BP measurement in relation to clinical outcome
-------------------------------------------------------

Hypertension is generally defined as SBP/DBP values above 140/90 mmHg, and in most guidelines 140/90 mmHg is the SBP/DBP target. Some guidelines recommend treating hypertensive persons aged 60 years or older to a BP goal of 150/90 mmHg,[@b17-mder-10-157],[@b18-mder-10-157] but the high SBP target generated considerable controversy.[@b19-mder-10-157] For a patient treated to a BP target of 140--150/90, reduction of BP to a value of 130/80 seems to have only a minor effect, if any, on the blood perfusion to vital organs.

Taking this a step further, in the recent SPRINT multicenter intervention study[@b20-mder-10-157] on non-diabetic patients with increased cardiovascular risk, an intensive-treatment group (SBP target lower than 120 mmHg) was compared to a standard-treatment group (less than 140 mmHg). The intensive-treatment group had lower rates of fatal and non-fatal major cardiovascular events relative to the standard-treatment group. Similar results were obtained for a subgroup of the SPRINT study, which included ambulatory adults aged 75 years or older: intensive treatment resulted in significantly lower rates of fatal and non-fatal major cardiovascular events and death from any cause compared with standard treatment.[@b21-mder-10-157] On the other hand, patients in the intensive-treatment group had a higher rate of side effects related to hypotension, such as syncope and acute kidney injury. These adverse effects were considered to be of minor significance relative to the benefit of reduced risk of cardiovascular events.[@b20-mder-10-157],[@b21-mder-10-157] However, it is still possible that in intensively treated patients, further unintended reduction of BP by 10 mmHg due to an error in measurement could have more serious clinical consequences.

The possibility of this hazard is supported by several studies which found higher risks of adverse cardiovascular events when BP was aggressively reduced. In several large-scale trials on high cardiovascular risk patients, SBP values between 130 and 120 mmHg were associated with an increase in the incidence of cardiovascular events, relative to SBP higher than 130 mmHg.[@b22-mder-10-157],[@b23-mder-10-157] Similar results were obtained in a recent study on Japanese older adults with isolated systolic hypertension treated with valsartan.[@b24-mder-10-157] Based on these studies, a higher risk of adverse events occurs when the measured SBP value is 130 mmHg, and if this value also includes a measurement error of 10 mmHg, then true SBP might be 120 mmHg.

The effect of erroneous excessive SBP reduction is of particular importance in relation to cognitive function in the elderly population. While it is accepted that hypertension in midlife is a risk factor for cognitive impairment and vascular dementia in late life, the effect of late-life BP on cognitive function is controversial. Some, but not all, studies found that hypertension or hypotension in late life is a risk factor for cognitive impairment and dementia.[@b25-mder-10-157]--[@b31-mder-10-157] Hypotension is a potential risk factor for cerebral dysfunction and cognitive impairment, due to hypoperfusion, since arterial BP is the driving force for blood flow. A recent cohort study[@b32-mder-10-157] on patients with overt dementia and mild cognitive impairment found that patients with daytime SBP lower than 128 mmHg showed a greater cognitive decline than those with higher SBP values. The association was significant only among patients treated with antihypertensive drugs. In another study, SBP of approximately 135 mmHg was associated with optimal cognitive function in elderly African-Americans.[@b33-mder-10-157]

The significance of the accuracy of SBP measurement for the assessment of the relationship between SBP and brain function can be inferred from a prospective cohort of elderly subjects during a 24-month follow-up, in which increased 24-hour ambulatory SBP readings, but not clinic SBP readings, were associated with increased white matter hyperintensity volume (measured by magnetic resonance imaging) over that same period.[@b34-mder-10-157] However, the use of ambulatory BP monitoring for routine detection and follow-up of BP is expensive and not convenient for practical routine use and, since it is based on the oscillometric method, it still has inherent inaccuracy. Although home BP measurement is a more practical method of follow-up, it is still oscillometry-based and, hence, subject to errors of the technique. Therefore, novel, more accurate techniques for automatic SBP measurement, in the home and clinic, are required for improving hypertension treatment.

PPG-based SBP measurement
-------------------------

We propose here an innovative approach to SBP measurement, which uses a pressure cuff wrapped around the arm and is based on direct detection of reopening of the artery under the cuff, when the air pressure decreases below the SBP value (similar to Korotkoff-based sphygmomanometry). The technique uses PPG, which measures changes of light transmission through tissue (e.g., the fingertip), due to cardiac-induced blood volume changes in the arteries. [Figure 1](#f1-mder-10-157){ref-type="fig"} presents the PPG-based SBP measurement apparatus and [Figures 2A and B](#f2-mder-10-157){ref-type="fig"} present the photoplethysmographic probe and signal. During systole, blood is ejected from the left ventricle and increases the arterial BP and consequently the volume of the arterial blood. Due to the systolic increase in tissue blood volume, the light transmission through the fingertip decreases during systole ([Figure 2B](#f2-mder-10-157){ref-type="fig"}). The SBP measurement technique is based on a pressure cuff around the arm and a photoplethysmographic probe on the fingertip distal to the cuff. When the cuff pressure increases to above SBP, the artery under the cuff collapses and the PPG signal disappears. The SBP value is taken as the value of the air pressure for which the PPG signal downstream to the cuff first reap pears during cuff deflation.[@b35-mder-10-157]--[@b37-mder-10-157] In contrast to oscillometry, the technique enables SBP measurement with no need for a statistically based empirical formula. The PPG-based device is still investigational.

PPG is also the basis for the well-known pulse oximetry technique used in the determination of arterial oxygen saturation. The latter is derived from the PPG pulses in two wavelengths, using the different light absorption spectra in oxi- and deoxi-hemoglobin.

In general, the PPG pulses are small when the cuff pressure is slightly below the SBP value, and it is often difficult to differentiate between PPG pulses and noise fluctuations. In order to increase the reliability of the detection of these pulses, we added a photoplethysmographic probe in the free hand for confirmation that the detected fluctuations in the light transmission curve, measured in the finger distal to the cuff, are actual PPG pulses. [Figure 3](#f3-mder-10-157){ref-type="fig"} presents the light transmission measurement from the two hands as a function of time during cuff deflation, at a time when cuff pressure is close to the SBP. For cuff pressure above SBP, no PPG pulses appear in the finger distal to the cuff, because of the collapse of the brachial artery under the cuff; when the cuff pressure decreases to below SBP value, the PPG pulses reappear. Note the delay in the arrival time of the PPG pulses in the finger distal to the cuff relative to that in the free hand, probably due to increase in compliance in the conduit arteries distal to the cuff.[@b38-mder-10-157]

Detection of the reappearing PPG pulses can be done manually, by inspecting the light transmission curves during the deflation period, or automatically, using characteristic features of the PPG pulse. The automatic PPG technique was found to be significantly more accurate than oscillometry, using the auscultatory technique as the gold reference, as detailed in [Table 1](#t1-mder-10-157){ref-type="table"}.[@b39-mder-10-157] In order to obtain the absolute accuracy of the PPG-based SBP measurement, a comparison with invasive measurement by arterial catheter -- the gold standard -- is required. However, the relative accuracy of the PPG-based SBP measurement technique and the auscultatory sphygmomanometry can be assessed without invasive BP measurements, using a non-invasive self-designed appraisal method (description follows).[@b37-mder-10-157]

In the previously mentioned study, the PPG signals in the two hands were measured simultaneously by listening to Korotkoff sounds. The time point at which the first Korotkoff sound was heard, was digitally recorded, together with the two PPG curves ([Figure 3](#f3-mder-10-157){ref-type="fig"}). The study included 120 simultaneous examinations on 40 subjects. In the majority of examinations, the first detected PPG pulse appeared almost at the same time as the first Korotkoff sound was heard, indicating similar SBP values obtained by both techniques. In some examinations, however, differences in detection time between the two techniques were found. By finding the technique which first detects a pulse (either PPG or sound), the more accurate technique can be determined. When the first PPG pulses are observed during the cuff deflation, it is evident that the artery below the cuff has been reopened, and the SBP value is higher than the momentary cuff pressure. If Korotkoff sounds are not detected at that time, it is a failure of the auscultatory technique. Similarly, if Korotkoff sounds were heard in a given examination while no PPG pulse is detected, the Korotkoff technique was more accurate than the PPG technique in this examination. In that study, in 97 out of the 120 examinations, the difference between SBP values, measured by the two techniques, was less than 3 mmHg. In 13 examinations, SBP value measured by PPG was higher by more than 3 mmHg than that measured by auscultation, while in ten examinations the PPG-based SBP value was lower by more than 3 mmHg than that measured by auscultation.[@b37-mder-10-157]

In summary, the PPG-based SBP measurement technique was found to be significantly more accurate than oscillometry (using Korotkoff-based technique as the reference standard)[@b39-mder-10-157] and was found to be as accurate as Korotkoff-based sphygmomanometry.[@b37-mder-10-157]

The suggested PPG technique for SBP measurement is different from the volume clamp method, introduced by Jan Peňáz in 1973 for continuous non-invasive measurement of arterial BP, which is also based on PPG (Finapres and Finometer are representatives of this technique). The volume clamp technique is complicated relative to the other pressure cuff-based techniques: it uses a finger pressure cuff with a photoplethysmographic probe under it, and the cuff pressure is varied in time to counter the changing arterial BP during the cardiac cycle, keeping the blood volume constant. The method can provide BP pulse waveform as well as beat-to-beat SBP and DBP, but its accuracy regarding absolute values of SBP and DBP is limited.[@b40-mder-10-157],[@b41-mder-10-157] Our PPG-based technique for SBP measurement is based on a pressure cuff around the arm and a photoplethysmographic probe on a distal finger. It cannot measure BP continuously, but it can yield accurate absolute SBP measurement.

Conclusion
==========

Since excessive lowering of BP can lead to adverse side effects, accurate measurement is essential for safe control of BP. However, each of the currently available non-invasive BP devices has its limitations in relation to accuracy. The auscultatory technique is only suitable for the physician's office, where examinations may give falsely high readings due to white coat hypertension and readings at only a single time point, which do not reflect BP variability. The automatic oscillometric technique can be used at home but is prone to significant errors, mainly due to the indirect determination of SBP and DBP from the oscillometric air pressure waves. An erroneously high reading of 10 mmHg greater than the true SBP could lead to a correspondingly unintended reduction of SBP, so that a patient treated to a target of 120 or 130 mmHg may have a true BP of 110--120 mmHg with consequent adverse effects. A novel technique for SBP measurement, based on PPG, was found, in preliminary studies, to be apparently more accurate than oscillometry. The technique might enable more accurate automatic SBP measurements in the home and clinic, thereby allowing both optimal and safer control of SBP.

More accurate SBP measurement would provide the clinician with a better diagnostic tool for achieving the optimal SBP target and, hence, more effective management of hypertension. This is particularly important for the elderly, in whom accurate SBP measurement can minimize the short-term risks of hypotension and long-term risk of cognitive impairment due to excessive lowering of BP, while maximizing the cardiovascular benefits of treating hypertension.
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![The PPG-based SBP measurement apparatus includes a pressure cuff wrapped around the arm and two photoplethysmographic probes on the fingers of the two hands.\
**Abbreviations:** PPG, photoplethysmography; SBP, systolic blood pressure.](mder-10-157Fig1){#f1-mder-10-157}

![(**A**) The PPG probe. Light is transmitted from the light-source (LED) through the fingertip to the photodetector (PD). (**B**) Some pulses of the original PPG signal: the changes in transmitted light intensity as a function of time, due to cardiac activity. Maximal transmitted light intensity occurs at end diastole, when the tissue blood volume is at a minimum. V~p~ is the voltage pulses measured by the photodetector PD.](mder-10-157Fig2){#f2-mder-10-157}

![The PPG pulses (V~P~) in the two hands of one of the subjects during cuff deflation for cuff pressures P~C~ in the neighborhood of the SBP value. The lower PPG curve is in the hand distal to the cuff and the upper one in the cuff-free hand. The vertical dotted lines indicate the start time of the systolic decrease in the cuff-free hand PPG pulses. The star indicates the time of the first detection of the Korotkoff sounds and the arrow indicates the start of the corresponding PPG pulse. In this examination, the first Korotkoff sounds were heard at nearly the same heart beat at which the first PPG pulse was detected. From Nitzan M, Adar Y, Hoffman E, et al. Comparison of systolic blood pressure values obtained by photoplethysmography and by Korotkoff sounds. *Sensors (Basel)*. 2013;13(11):14797--14812.[@b37-mder-10-157]\
**Abbreviation:** PPG, photoplethysmography; SBP, systolic blood pressure.](mder-10-157Fig3){#f3-mder-10-157}

###### 

Results of mean difference, SD, and correlation coefficient of SBP measurement with the PPG-based technique and oscillometry as compared with those of auscultatory sphygmomanometry

                        Mean difference (mmHg)   SD (mmHg)   Correlation coefficient
  --------------------- ------------------------ ----------- -------------------------
  PPG-based technique   1.3                      3.7         0.983
  Oscillometry          −4.9                     7.3         0.934

**Notes:** The mean difference and the SD for the PPG-based technique were smaller and the correlation coefficient was higher than those of oscillometry. Data from Nitzan M, Patron A, Glik Z, Weiss AT. Automatic noninvasive measurement of systolic blood pressure using photoplethysmography. *Biomed Eng Online.* 2009;8:28.[@b39-mder-10-157]

**Abbreviations:** PPG, photoplethysmography; SBP, systolic blood pressure.
